This work describes the synthesis and applications of amphiphilic polystyrene-block-poly(N-vinyl-2-pyrrolidone) (PS-b-PVP) copolymers as a silver and silica nanoparticle surface modification agent. The synthesis of PS-b-PVP was carried out using controlled/living radical polymerization techniques. The synthesis of the block copolymers was confirmed by gel permeation chromatography and hydrogen nuclear magnetic resonance, presenting a polydispersity index of around 1.4 and number average molecular weight ranging between 10,000-14,000 g mol -1 . The PS-b-PVP copolymers were applied as a silver nanoparticle (AgNP) stabilizing agent. These nanoparticles were produced by a single step and presented an 11 ± 1 nm diameter. Furthermore, the PS-b-PVP copolymers were also applied as a silica nanoparticle (SiO 2 NP) surface modification agent. The SiO 2 NP were synthesized by the Stöber method presenting a 72 ± 9 nm diameter. The SiO 2 NP surface modification by adsorption of PS-b-PVP caused the formation of a 5 ± 1 nm thick polymeric layer, providing the SiO 2 NP with a hydrophobic surface character. The structural and chemical characteristics shown by PS-b-PVP copolymers highlights their versatility for several applications, such as: water-in-oil emulsifier, stabilizing or coupling agents between inorganic particles and polymeric matrices.
Introduction
Currently, using controlled/living radical polymerization (CRP) techniques, efforts in new polymer structures are focused on producing amphiphilic block copolymers [1] [2] [3] . These macromolecules are made up of two chemically different homopolymer blocks (A and B) combined as AB or ABA: one being hydrophilic and the other being hydrophobic. Polystyrene is a classic example of a hydrophobic glassy polymer frequently synthesized via CRP techniques [4] [5] [6] [7] . On the other hand, an example of hydrophilic polymer is poly(N-vinyl-2-pyrrolidone) (PVP) which has been synthesized via CRP in the last few years [8] [9] [10] . PVP is an important building block and has attracted significant attention from the biomedical field because it is biocompatible and non-toxic, being an excellent candidate to replace PEO in certain biomaterial applications [8] . Furthermore, PVP is also known for its ability to easily form complexes with metals [11] .
Amphiphilic block copolymers, when dissolved in a selective solvent, tend to self-assemble producing core-shell micelles. These micelles are capable of encapsulating metallic particles obtained from their metal salts [12] . In this case, the core block is able to entrap particles by complexation or association, and the shell block provides a hydrophobic or hydrophilic character for the colloidal nanoparticle. Furthermore, several experimental and theoretical studies have been reported in relation to the surface modification by block copolymers in order to promote specific characteristics [12] [13] [14] [15] . Zhang et al. [16] used poly(ethylene oxide)-block-poly(methyl methacrylate) (PEO-b-PMMA) copolymer as a template for the synthesis of silver nanowires in an aqueous solution. In this system, the PMMA block reduces silver ions and PEO block promotes the nanoparticle dispersion in water. Li et al. [17] modified the surface of Fe 3 O 4 magnetic nanoparticles with amphiphilic poly(tert-butyl methacrylate)-block-poly(glycidyl methacrylate) (PtBMA-b-PGMA) in order to improve the microwave-assisted extraction of polycyclic aromatic hydrocarbons (PAH) in environmental water. The PtBMA block provides a highly hydrophobic property for the Fe 3 O 4 magnetic nanoparticles responsible for adsorbing PAH. On the other hand, the PGMA block is responsible for the immobilization of the block copolymer on the magnetic nanoparticles. The authors observed that the extraction of PAH is improved when Fe 3 O 4 magnetic nanoparticles are encapsulated by PtBMA-b-PGMA.
Amphiphilic copolymers of polystyrene-block-poly(N-vinyl-2-pyrrolidone) (PS-b-PVP) have been reported employing the following radical polymerizations: pseudo-living [18] , atom transfer radical polymerization (ATRP) [9, 19] , ATRP followed by reversible addition−fragmentation chain-transfer polymerization (RAFT) [20] , RAFT [21] , RAFT followed by ATRP [22] , nitroxide-mediated polymerization (NMP) [23, 24] , organostibine-mediated [25] and organogermanium-mediated polymerizations [26] . Although PS-b-PVP copolymers have been synthesized by several methods, some did not provide suitable PS-b-PVP amphiphilic copolymers due to the presence of homopolymers as impurities and high Ɖ values (i.e. > 2.0) [18, 26] and others involve complex experimental steps in order to produce intermediate species (e.g. synthesis of mediators and chain transfer agents) [21, 25] . Furthermore, the PS-b-PVP copolymer is not commercially available and has potential applications in polymer science (e.g. stabilization, dispersibility, emulsifier, coupling agents), which are not sufficiently exploited.
In this work, we describe the synthesis of amphiphilic PS-b-PVP copolymers by RAFT and their application as a silver and silica nanoparticle stabilizing or a surface modification agent, respectively. Although RAFT technique has the advantage of being applicable to a much wider variety of monomers than the ATRP technique, usually the synthesis of RAFT end-functionalized initiators (chain transfer agents) is not so simple [21] . For this reason, styrene was initially synthesized in bulk by ATRP leading to polystyrene with bromine chain end functionality. Then, a suitable macro chain transfer agent (macro-CTA) was formed by performing a simple method [20, 27] to convert the polystyrene ATRP product into the RAFT agent. N-vinyl-2pyrrolidone (VP) was subsequently used as a chain extensor of this RAFT agent to synthesize well-defined amphiphilic PS-b-PVP copolymers. Applying this methodology, the use of toxic solvents or complex experimental steps was avoided.
The block copolymers produced were structurally characterized by hydrogen nuclear magnetic resonance ( 1 H NMR) and gel permeation chromatography (GPC). Thermal properties were evaluated by differential scanning calorimetry (DSC). Furthermore, the PS-b-PVP copolymers were applied not only to stabilize in-situ prepared silver nanoparticles (AgNP) but were also used to modify the silica nanoparticle (SiO 2 NP) surface in order to show specific applications for these copolymers.
Materials and Methods

Materials
Styrene (>99%), N-vinyl-2-pyrrolidone (VP, >99%), copper(I) bromide (CuBr, 98%), 5,5′-dimethyl-2,2′-dipyridyl (98%), potassium ethyl xanthogenate (96%), (1-bromoethyl) benzene (97%), dimethylacetamide (DMAc), tetraethyl orthosilicate (TEOS, 98%) and 2,2′-azobis(2-methylpropionitrile) solution (AIBN, 0.2 mol L -1 in toluene) were purchased from Aldrich. Acetone, ethanol, methanol, ammonium hydroxide solution (27%), silver nitrate (AgNO 3 ), sodium hydroxide (NaOH), dimethylacetamide (DMAc) and tetrahydrofuran (THF) were purchased from Vetec-Sigma (Brazil).
Removal of inhibitors present in the monomers
Equal volumes of styrene and aqueous NaOH solution (10% w/v) were vigorously stirred in a 500 mL separation funnel. Then, phase separation was observed and the bottom phase was discarded. The upper phase was washed three times with distilled water, always discarding the bottom phase. After, the styrene fraction was distilled at 40 ± 2 °C and the pure styrene was collected in a flask immersed in liquid nitrogen. The VP monomer was distilled under vacuum using a Vigreux column. The initial distillation temperature was 90 °C being gradually increase up to 100 °C.
Preparation of PS-Br homopolymer via ATRP
The [monomer]:[initiator]:[CuBr]:[ligand] ratios used in this section, according to Hayes and Rannard [28] , were 96:1:1:2.5. Additionally, an identical synthesis was carried out in the same ratio, except for the monomer to initiator ratio, which was 192:1.
Styrene (10.0 mL, 87.5 mmol) and (1-bromoethyl)benzene (0.124 mL, 0.909 mmol) were added to a Schlenk flask under continuous argon flux (positive pressure). The mixture was degassed by four freeze-pump-thaw cycles. After each thaw, the Schlenk was opened under argon flux (5 seconds), to remove the released gases from the solution and again closed under argon atmosphere. Then, CuBr (0.130 g, 0.909 mmol) and 5,5′-dimethyl-2,2′-dipyridyl (0.418 g, 2.27 mmol) were introduced into the frozen mixture under argon flux. The mixture was degassed by further two freeze-pump-thaw cycles. The Schlenk flask was then immersed in a pre-heated oil bath at 110 °C. After 18 h, THF (20.0 mL) was added to solubilize the solid product. The resulting mixture was permeated through a column filled with alumina (0.15 m length), using THF as an eluent in order to remove the metal complex catalyst from the polymeric solution. The polymeric solution was precipitated in methanol followed by drying under vacuum at 40 °C until reaching constant mass, thus obtaining a white solid product (PS-Br).
Preparation of amphiphilic PS-b-PVP copolymer via RAFT
Macro-CTA was prepared by ionic substitution reaction, similar to a previously reported procedure [20, 27] . In a two neck round bottom flask, potassium ethyl xanthogenate (0.267 g, 1.66 mmol) was dissolved in acetone (6.00 mL). Then, PS-Br (1.00 g) was dissolved in THF (5.00 mL) and added dropwise in the two neck round bottom flask under argon flux. This solvent mixture can be considered a good solvent for the components. The reaction was conducted at room temperature (25 ± 5 °C) overnight. To obtain the solid macro-CTA (PS-xanthogenate), the solution was precipitated in methanol followed by drying under vacuum at 40 °C until constant mass was obtained.
The synthesis of the amphiphilic PS-b-PVP copolymer followed the traditional bulk RAFT polymerization. Macro-CTA (1.0 g) and VP monomer (15.0 mL) were added in a Schlenk flask under continuous argon flow. The mixture was degassed by four freeze-pump-thaw cycles. Then, AIBN (0.198 mL, 0.0289 mmol) was introduced into the Schlenk flask under continuous argon flux. The mixture was degassed by further two freeze-pump-thaw cycles. The Schlenk flask was then immersed in a pre-heated oil bath at 70 °C for 48 h. Then, the viscous solution was precipitated in water, followed by centrifugation (13,500 rpm for 10 min) and drying under vacuum at 40 °C until constant mass was reached. Thus, the white solid product was purified by solubilization in THF, precipitation in distilled water, centrifugation and drying under the same conditions cited before.
Synthesis of silver nanoparticles using a PS-b-PVP copolymer
A PS-b-PVP copolymer was used as a stabilizing agent in silver nanoparticle (AgNP) synthesis. In a typical experiment, 50 mg of PS-b-PVP copolymer were added to 10 mL of dimethylacetamide (DMAc) under stirring. Afterwards, 0.1 mL of aqueous NaOH (0.1 mol L -1 ) and 0.1 mL of aqueous AgNO 3 (0.1 mol L -1 ) solutions were added drop-wise in 5 minute intervals. The colloidal suspension remained under magnetic stirring for a further 20 minutes.
Synthesis of silica nanoparticles and PS-b-PVP copolymer adsorption
Silica nanoparticles (SiO 2 NP) were prepared by the classical Stöber method [29] . Briefly, 2 mL of TEOS were added to 25 mL of ethanol within screw-cap vials, in the presence of 10.5 mmol of ammonium hydroxide solution. The alcoholic solution was kept under ultrasonic bath (25 kHz-200W) for 120 min at 30 °C [30] . The solid content was determined gravimetrically by drying the dispersion at 80 °C until a constant weight was obtained. The modification of SiO 2 NP was carried out as follows: a SiO 2 NP dispersion (1) was prepared by the addition of SiO 2 NP (50 mg) to a flask containing DMAc (10 mL) in an ultrasonic bath; a PS-b-PVP solution (2) was prepared by the dissolution of PS-b-PVP copolymers (50 mg) in DMAc (5 mL). Then, the solution (2) was slowly added to the dispersion (SiO 2 NP/DMAc) (1) under ultrasonic bath. After 48 h, the resulting dispersion was centrifuged at 14,000 rpm for 20 minutes. The supernatant containing excess of PS-b-PVP copolymer was removed and the precipitated solid (SiO 2 NP coated by PS-b-PVP copolymer) was lyophilized.
Characterization
1 H NMR spectra of the polymers were obtained in deuterated chloroform solutions (CDCl 3 ) using a Bruker Avance III -600MHz spectrometer operating at 600 MHz. Gel permeation chromatography (GPC) measurements were performed using a Viscotek GPCmax VE 2001, equipped with Viscotek VE 3580 RI Detector and three Shodex KF-8060M columns working at 40 °C. Degassed THF was used as an eluent (1 mL min -1 ) and as a solvent to prepare 8.0 mg mL -1 sample solutions. Homopolymer and block copolymer molecular weights were determined using polystyrene standards. DSC analyses were performed with TA instruments DSC-Q100 in nitrogen atmosphere. Samples of ca. 5 mg were heated from 25 to 200 °C, cooled from 200 to -10 °C and heated from -10 to 200 °C at a heating rates of 10 °C min -1 . TEM images were obtained using a Carl Zeiss LIBRA 120 PLUS operating at 120 kV and equipped with in-column OMEGA energy filter (EF-TEM). Samples were prepared by dropping 20 µL of a DMAc dispersion containing AgNP or SiO 2 NP in copper grid coated with thin amorphous carbon. Electron spectroscopic imaging (ESI-TEM) was carried out for carbon mapping. The absorption spectra of colloidal Ag were obtained with an Agilent Cary 50 Probe ultraviolet-visible spectrophotometer using 0.5 mL of colloidal suspension diluted to 2.5 mL of DMAc.
Results and Discussion
Amphiphilic PS-b-PVP copolymers
The synthesis of PS-Br homopolymers via ATRP is a well-established methodology in literature. According to 1 H NMR measurements (not shown here) the chain end functionality of the homopolymers synthesized was confirmed by the signals at 4.60-4.35 ppm attributed to the hydrogen located in the α position of the bromine chain end. Based on the signal intensity ratios between the 7.37-6.21 ppm range and those in the 4.60-4.35 ppm range, the calculated molecular weights by 1 H NMR (M NMR ), considering the ratio monomer:bromine chain end, were ca. 9,500 g mol -1 and 12,700 g mol -1 , corresponding respectively to the PS 91 -Br and PS 122 -Br copolymers. Further M n and Ɖ values obtained by GPC for the homopolymers and block copolymers synthesized, are shown in Table 1 .
The M NMR value represents the ratio of monomer units per bromine chain end. Depending on the application or the properties of interest, the use of the ratio between each block in the final amphiphilic block copolymer (e.g. 2:1 hydrophobic:hydrophilic block ratio) instead of the characteristic size of this block copolymer is more appropriate. For this reason, in the present work, we adopt the M NMR value because the resulting ratios of each block better represents the structural characteristics of the amphiphilic PS-b-PVP copolymer, since applications as coupling agent, surfactants, emulsifier or self-assembly micelles in selective solvent solutions are considered.
The bromide PS chain end group was converted to xanthogenate by an ionic substitution reaction, producing a suitable macro chain transfer agent (macro-CTA) for the PS-b-PVP polymerization. Hussain et al. [20] produced amphiphilic PS-b-PVP copolymer starting from PS obtained by ATRP followed by RAFT of PVP. The authors used acetone as the solvent for conversion of the ATRP product (PS-Br) into RAFT macro-CTA, however acetone is not a solvent for this homopolymer [31] . Thus, in the present work, we used THF as it is a good solvent for polystyrene conversion into macro-CTA, avoiding phase separation and consequently low conversion yields due the higher molar masses of PS presented here. Similar conversion of the ATRP initiators into their corresponding RAFT macro-CTA was demonstrated by Wager et al. [27] applying modified ATRP conditions for polymer chain activation in presence of bis(thiobenzoyl) disulphide. Thus, the bromine chain end of poly(methylmethacrylate), poly(N,N-dimethylaminoethyl methacrylate) and poly(ethylene glycol) produced by ATRP were converted with high yields into to the desired RAFT end-functionality. In this work, a xanthate containing an alkali metal (potassium) as R group was used to react with the PS homopolymer containing a halogen (bromine) as the chain end group, synthesized by ATRP. An ionic substitution reaction is easily carried out with these groups using adequate solvent for each species or a combination of solvents as used here. Based on this, we believe that the methodology used herewith can be applied to a vast range of other combinations of xanthates containing alkali metals as the R group and homopolymers synthesized by ATRP, thus leading to a great variety of functional macro-CTA appropriate to the RAFT technique. The key role of the RAFT technique is the appropriate choice and synthesis of the so-called CTA or macro-CTA [7, 8] , thus in this step, the PS xanthogenate chain end was used for the subsequent chain extension with the VP monomer in absence of solvent.
The amphiphilic PS-b-PVP copolymer was initially synthesized via ATRP followed by RAFT for two reasons: (i) styrene is easily synthesized by ATRP technique, and in this case, the polymerization was conducted in bulk (solvent free); (ii) using only RAFT to synthesize PS homopolymer and subsequent PS-b-PVP copolymer would surely cause solubility problems due to the copolymer amphiphilic character. Furthermore, one could also point out the use of non-environmentally friendly solvents. Figure 1 shows the 1 H NMR spectra of the synthesized amphiphilic PS-b-PVP copolymers. The PS hydrogen signals were assigned with "b", "c", "d", "e" and "f", xanthate hydrogen signals were assigned with "g" and "h", and the PVP hydrogen signals were assigned with "i", "j", "k", "l", "o" and "p". These assignments are also in agreement with literature [20, 21, 23, 32] . Based on the signal intensity ratios between the 7.37-6.21 ppm range and those attributed only to PVP block (3.30 ppm and 3.90-3.55 ppm range), both copolymers were made up of around 70 VP monomeric units. The calculated M NMR of the block copolymers were ca. 17,600 g mol -1 and 20,500 g mol -1 corresponding to PS 91 -b-PVP 73 and PS 122 -b-PVP 70 copolymers, respectively. Regarding the macro-CTA with the lowest molecular weight (PS 91 -xanthogenate), the PS 91 -b-PVP 73 copolymer molecular weight almost doubled compared to the respective homopolymer, corresponding to 0.55 PS mass fraction. Furthermore, no difference in Ɖ was observed, which remained the same for the homo and block copolymers. On the other hand, in relation to the macro-CTA with the highest molecular weight (PS 122 -xanthogenate), a slight increase in Ɖ was observed from the 1.2 to 1.4 and the corresponding block copolymer (PS 122 -b-PVP 70 ) exhibited a 0.64 PS mass fraction.
GPC curves of homopolymers and the respective block copolymer are shown in Figure 2 . The GPC results of PS-Br and PS-b-PVP copolymers displayed unimodal curves. The significant shift in these curves indicates a successful increase in the block copolymer molecular weights in relation to the original homopolymers. Other copolymers reported in literature, where the VP monomer was polymerized via RAFT from the PS macro-CTA, show low yields [33] or similar Ɖ values [21] . Bilalis et al. [23] synthesized VP block copolymers using styrene and 2-vinylpyridine via NMP and RAFT techniques, respectively. Applying the NMP technique, yields ranging from 20 to 70% were obtained, however a 2.2 Ɖ value was observed for the block copolymer with the highest yield. RAFT technique also provided similar results in relation to NMP, achieving yields ranging from 10 to 65% and 2.1 Ɖ value. The lowest Ɖ value (Ɖ = 1.4) was reached when PS was used as the first polymerized block followed by diblock synthesis with VP monomer addition. This value is in agreement with the results presented in Table 1 .
GPC measurements indicated that PS 91 -Br and PS 122 -Br presented 1.5 and 1.2 Ɖ values, respectively ( Table 1) . One of the literature criteria used to define a controlled polymerization is based on the Ɖ values, where M w /M n ≤ 1.5 is considered a narrow molecular weight distribution [4, [34] [35] [36] . Normally, very narrow Ɖ values (M w /M n ≤ 1.2) are obtained at low monomer conversion rates and/or by using solvent in the polymerization [25, 37, 38] . In the present work, we conducted the PS polymerization in bulk resulting Ɖ values slightly above very narrow Ɖ values (M w /M n ≤ 1.2) but still in the range of CRP Ɖ values (M w /M n ≤ 1.5).Thus, this work is in agreement with literature reported Ɖ values [4, 6, [20] [21] [22] 25, 35] .
DSC heating curves of the PS-b-PVP copolymers is shown in Figure 3 . Only the second heating scan curves are shown due to fact that they establish a defined sample history. Initially, the PS homopolymers presented glass transition temperatures (T G ) of 97 and 100 °C for PS 91 -Br and PS 122 -Br, respectively. On the other hand, with the formation of PS-b-PVP copolymers, T G values for the PS block increased about 5 °C in relation to the respective homopolymers, due to the increase in the molecular weight as well as the presence of the second rigid block. In the case of the PVP block, the T G values obtained for both copolymers was around 167 °C. Furthermore, in Figure 3 , the transition around 167 °C is more defined for the PS 91 -b-PVP 73 than for the PS 122 -b-PVP 70 copolymer. This result is in agreement with PVP ratio present in each block copolymer, since the PS 91 -b-PVP 73 copolymer presented a higher PVP content and the transition around 167 °C was consequently easier to be detected for this block copolymer. Therefore, the PS-b-PVP copolymers showed two distinct T G values, which are close to the values of the corresponding PS and PVP homopolymers, indicating that PS and PVP blocks are immiscible.
Use of PS-b-PVP as a AgNP stabilizing agent
According to the previous section, the produced block copolymers presented hydrophobic to hydrophilic ratio suitable to act as a stabilizing agent (hydrophobic:hydrophilic block ratios were approximately 1:1 and 2:1). PVP is a well-known polymer used as a stabilizing agent to produce metallic (e.g. silver, gold, etc) nanoparticles [39] . In the case of amphiphilic PS-b-PVP copolymer, PVP block can be used as stabilizing and co-reducing agents while the PS block can act as a hydrophobic segment. In this case, the amphiphilic PS-b-PVP copolymer can be used as a compatibilizer agent for polymeric matrices, mainly to those containing PS or a polymer miscible with PS.
The synthesis of AgNP stabilized by PS-b-PVP (AgNP/PS-b-PVP) was carried out by the direct addition of AgNO 3 into the system (DMAc, NaOH and block copolymer). After AgNO 3 addition, the solution turned yellowish indicating the successful formation of AgNP/PS-b-PVP in a unique step. In the present work, the PVP block size of both PS 91 -b-PVP 73 and PS 122 -b-PVP 70 copolymers synthesized are around 8,000 g mol -1 , thus AgNP can be produced with any of the block copolymer synthesized in this work.
Park et al. [19] synthesized the PS-b-PVP block copolymer (M w = 20,000 g mol -1 , PS mass fraction of 0.70 and Ɖ = 1.4) by ATRP using anisol as a solvent. The authors prepared a polymer solution dissolving PS-b-PVP (1 wt%) in THF. AgCF 3 CO 3 (20 wt% with respect to block copolymer) was solubilized in the polymer solution and then the polymer/salt solution was dropped and spread on a glass slide in order to form a film. The glass slide containing the PS-b-PVP/ AgCF 3 CO 3 film was UV irradiated (254 nm) for 1 h when the authors observed the AgNP/PS-b-PVP formation. The nanoparticles presented 4-6 nm average diameter, although UV-vis showed a broad band with low intensity. In this above related work, the AgNP were produced from two different steps: (i) PS-b-PVP/AgCF 3 CO 3 film formation and (ii) posterior UV film irradiation. The PS-b-PVP synthesized by Park et al. [19] is very similar to PS 122 -b-PVP 70 synthesized in the present work (M w = 19,000 g mol -1 , PS mass fraction of 0.64 and Ɖ = 1.4). However, in this work, a one-step methodology was used to produce AgNP stabilized by PS-b-PVP copolymers.
The ultraviolet-visible (UV-vis) spectrum was used to confirm the formation of AgNP/PS-b-PVP. Only one absorption band with a 410 nm maximum absorbance was observed in the UV-vis spectrum presented in Figure 4a , confirming the characteristic silver surface plasmon [40, 41] as well as the fact that the nanoparticles were spherical. The dispersity of colloidal suspension was evaluated by the full width at half maximum (FWHM) and the obtained value was 62 nm, which indicates that the AgNP/PS-b-PVP can be considered monodispersed [42] . Typical AgNP/PS-b-PVP EF-TEM image are shown in Figure 4b , which present spherical monodisperse nanoparticles. These findings corroborate the UV-vis results. Furthermore, the AgNP/PS-b-PVP diameter were measured from EF-TEM images and size distribution is shown in Figue 4 (c). The nanoparticle size distribution presented an 11 ± 1 nm average diameter.
The AgNP/PS 122 -b-PVP 70 were dried by lyophilization and submitted to a simple test: the AgNP/PS 122 -b-PVP 70 was added to ethanol and sonicated for 10 minutes. After sonification, no AgNP redispersion was observed as shown in Figure 5a . However, removing ethanol and adding DMAc to the same container, the AgNP redispersion occurred immediately, as shown in Figure 5 (b) . This simple test macroscopically demonstrates that the AgNP have an hydrophobic shell (PS block), which differentiates the AgNP produced in this work from the classical AgNP stabilized by PVP [11, 43, 44] . Thus, we can propose that there is a polymeric bilayer encapsulating the AgNP where the PVP block forms the inner layer and is responsible for the silver nanoparticle stabilization, while the PS block forms the outer layer which provides a hydrophobic character to the nanoparticle external surface. For this reason, AgNP stabilized by PS-b-PVP copolymers do not redisperse in ethanol.
The AgNP/PS-b-PVP colloidal suspensions were maintained unstirred in the dark for several weeks. No agglomeration was observed after 60 days, indicating that the PS-b-PVP copolymers provided stable AgNP suspensions.
Use of PS-b-PVP copolymer as surface modifier agent of SiO 2 NP
Another application for the synthesized PS-b-PVP copolymer is a surface modifying agent. SiO 2 NP prepared by the Stöber method [29] was used to demonstrate this property. Nanoparticles prepared by this method presented diameters around 72 ± 9 nm. For this test, the PS-b-PVP solution was directly added to the SiO 2 NP/DMAc dispersions to promote copolymer adsorption on the nanoparticle surface.
The PVP adsorption onto silica surface is attributed to the strong and spontaneous interaction between the carbonyl groups present in the amide ring and the silanol groups of the silica surface [45, 46] . In relation to the adsorption of the PS-b-PVP copolymer on the SiO 2 NP surface, the formation of a polymeric bilayer encapsulating the nanoparticle can be proposed: the PVP block adsorbs preferentially at the SiO 2 NP surface, forming an inner layer, and the PS block forms an outer layer, which provides the SiO 2 NP with a hydrophobic surface character. respective EF-TEM bright field images. The SiO 2 NP carbon mapping exhibits the presence of carbon throughout the nanoparticles presented in Figure 6a . This mapping shows that the carbon content dispersed throughout the SiO 2 NP was, in fact, very small and is attributed to residual non-hydrolyzed ethoxy groups from the Stöber method synthesis [30, 47, 48] . Van Helden et al. [49] synthesized SiO 2 NP by the Stöber method and determined that the amount of non-hydrolyzed ethoxy groups was around 1 wt%.
The PS-b-PVP copolymer layer adsorbed onto the SiO 2 NP nanoparticles can be seen in the EF-TEM image, Figure 6b . Furthermore, the corresponding carbon map of this image clearly showed the presence of a significant amount of carbon surrounding the nanoparticles (green regions), confirming the SiO 2 NP surface modification by the PS-b-PVP copolymer. The estimated average copolymer layer thickness was 5 ± 1 nm. Freris et al. [50] obtained similar results using poly(methyl methacrylate) to encapsulate SiO 2 NP with 180 nm diameter. In the related work, the authors identified a polymeric layer with thickness between 2 and 10 nm by TEM.
Conclusions
PS-b-PVP copolymers with controlled molecular weight and relatively narrow polydispersity were synthesized using first ATRP for styrene polymerization and subsequently RAFT for N-vinyl-2-pyrrolidone polymerization. The PS-b-PVP copolymers presented number average molecular weight of 10,000-14,000 g mol -1 , M w /M n ≤ 1.4 and 0.55-0.64 PS mass fraction. These PS-b-PVP copolymers were successfully applied as a stabilizing agent to synthesize AgNP in a single step, as confirmed by the UV-vis spectrum and EF-TEM images. No agglomeration was observed after 60 days, indicating that PS-b-PVP provides stable suspensions of AgNP in the organic solvent (dimethylacetamide). Furthermore, the PS-b-PVP copolymer also acted successfully as a surface modifying agent for the silica nanoparticles obtained by the Stöber method, as shown by EF-TEM images and elemental carbon maps. This surface modification provided SiO 2 NP with a hydrophobic surface character. This work highlighted the chemical and structural importance of PS-b-PVP copolymers in polymer science applications. Besides the applications shown here, these copolymers could also be used as water-in-oil emulsifier or coupling agents between inorganic particles and polymeric matrices.
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